Sealants have emerged as promising candidates for replacing sutures and staples to prevent air and liquid leakages during and after the surgeries. Their physical properties and adhesion strength to seal the wound area without limiting the tissue movement and function are key factors in their successful implementation in clinical practice. In this contribution, the advances in the development of elastic sealants formed from synthetic and natural materials are critically reviewed and their shortcomings are pointed out. In addition, we highlight the applications in which elasticity of the sealant is critical and outline the limitations of the currently available sealants. This review will provide insights for the development of novel bioadhesives with advanced functionality for surgical applications.
Introduction
Current technologies for reconnecting and sealing tissues after surgical procedures such as sutures, wires, and staples have several limitations, particularly in minimally invasive procedures. For example, the use of suture for wound closure is time-consuming, may cause further tissue damage, result in infection, and do not provide immediate sealing to stop body fluid and air leakages. The application of surgical adhesives is a convenient alternative method for wound closure because of their characteristics, such as simple implementation procedure, shorter time, less painful to patients, and no need for removal. Toward this goal, various types of surgical materials have been used for sealing, reconnecting tissues, or attaching devices to the tissues [1] .
Surgical sealants are commonly used to prevent leakage of fluid and/or gas from a incision. Sealants can be formed by using natural or synthetic polymers, or a combination of both. The market for surgical sealants and hemostats is growing rapidly from $4 billion in 2012 to $7 billion in 2017, worldwide [2] . Although several tissue adhesives are commercially available, none of them are ideal surgical sealants for repairing elastic and soft tissues such as wounded lungs, heart, and blood vessels. It is extremely challenging to achieve significant adhesion to soft tissues while minimizing toxicity, tissue damage and other side effects of the sealing materials. Another limitation is the low adhesion strength of the most commercially available sealants in wet and highly dynamic environments in the body at the presence of blood. Most of the clinically available glues and sealants do not offer both elasticity and good adhesion. For example, cyanoacrylates have high stiffness and adhesion strength but are not elastic. On the other hand, fibrin-based sealants are more flexible with low stiffness and adhesion. There is a unmet need for surgical sealants, which can provide flexibility without compromising strength and can stop body fluid and air leakages in different procedures such as lung and cardiovascular surgeries.
Recently, extensive research efforts have been made to engineer biocompatible, biodegradable, and flexible sealants for the formation of leak-free closures in soft tissues [3] [4] [5] . The sealant materials are required to be elastic and compliant to allow normal function and movement of elastic native tissues such as lungs, skin, blood vessel, and heart tissues. In this review, various types of elastic surgical sealants made of natural and synthetic polymer are discussed. These include flexible synthetic sealants based on polyurethane (PU), polyethylene glycol (PEG), polyester, and naturally occurring or composite sealants made of proteins or polysaccharides http://dx.doi.org/10.1016/j.ejpb.2015.05.022 0939-6411/Ó 2015 Elsevier B.V. All rights reserved.
(see Table 1 ). In addition, recent developments in the synthesis of mussel inspired elastic sealants with high adhesive properties are reviewed. Finally, some clinical applications for the elastic sealants in various surgical procedures are highlighted.
Synthetic polymer derived elastic sealants
Synthetic-based elastic tissue adhesives have attracted significant attention as suitable wound closure techniques for clinical applications due to their strong adhesive strength and tunable mechanical properties. In particular, elastic sealants based on synthetic polymers can be used for sutureless wound closure in elastic and soft tissues such as lungs, heart, and blood vessels. Some examples of this class of adhesives include PU-based, PEG-based, and polyester-based adhesives.
PU-based tissue adhesives
PU-based biomaterials have been used as sealants due to their high elasticity and strong adhesion to the tissues. In the prepolymer form, urethane can react with the amino groups of proteins of the tissues to create urea linkages and subsequently promote adhesion strength to the tissues [6] . PU-based biomaterials can be synthesized in biodegradable forms through modification with natural molecules. For example, Ferreira et al. synthesized a biodegradable PU-based adhesives through modification of castor oil with isophorone diisocyanate (IPDI) [7] . They also formed PU-based adhesives through reaction between polycaprolactone (PCL) diol and IPDI or hexamethylene diisocyanate (HDI) [6] . The engineered PU-based adhesives promoted adhesion to the tissue but induced thrombosis as shown by hemolysis tests, which can limit its clinical applications [6] . To overcome this limitation, the group later developed a photocrosslinkable PU-based adhesive through the modification of PCL with 2-isocyanatoerhylmethacrylate (IEMA) [8] .
Their experimental data showed that the synthesized material was slightly hemolytic (within the acceptable limit) after directly applying with existence of blood. Moreover, hemolysis was stopped when the material was extracted with PBS solution [8] .
Previous studies have shown that the use of PU-based tissue adhesives had no toxic degradation products after surgical procedures such as orthopedic and renal surgery, and pancreatic occlusion. PU-based adhesives have been also used in cosmetic surgery. For example, a sprayable PU adhesives (TissuGlu, Cohera Medical Inc., Pittsburgh, PA) was used for abdominoplasty surgery to avoid seroma formation in a canine abdominoplasty model [9] . It was shown that TissuGlu created strong bonding between tissue layers and supported natural healing process without any toxic effects [9] . Despite significant improvements in the formation of nontoxic and biodegradable PU-based surgical materials, safety concerns still exist for their utilization in surgical procedures.
PEG-based sealant
PEG-based biomaterials have been widely used as fluid barriers and hemostatic adhesives. There are several commercially available PEG-based surgical materials including Duraseal (Covidien Inc., Mansfield, MA), Coseal (Cohesion Technologies, Inc., Palo Alto, CA), FocalSeal (used to be produced by Genzyme Biosurgery, Inc., Cambridge, MA but it is currently discontinued), and AdvaSeal (Ethicon Inc., Johnson & Johnson Medical KK). Duraseal is made of PEG ester and trilysine amine solutions and has been used for neurosurgeries to prevent cerebrospinal fluid leakage after cranial and spinal operations [10] [11] [12] [13] . For example, Preul et al. applied Duraseal on an incision of a cranial dura and arachnoid created in dogs to seal the dural gaps. It was shown that animals treated by the sealant had normal dural healing process with no adverse effects on the brain. In addition, the sealant reduced cerebrospinal fluid leakage and consequently facilitated surgical reexploration [13] . Kim et al. also performed a clinical study to use Duraseal as an adjunct spinal sealant to sutured dural repair. Their study confirmed that the sealant provided watertight closure during spinal surgeries, which was better than the standard care technologies (suture only) for dural closure in spine surgeries [10] . In another clinical study, the suitability of Duraseal for reducing scar tissue and post-operative pain after lumbar microdiscectomy was evaluated [11] . The results on 21 patients showed that Duraseal was safe and reduced post-operation pain as compared to the control group. In addition, the patients treated with the sealant had normal wound healing process with no post-operative complications [11] .
FocalSeal is another PEG-based sealant, which was developed to stop air leaks after lung surgeries. It is made from a primer and an acrylated PEG-based sealant [14] [15] [16] . The primer layer should be first applied to provide good adhesion to the tissue, followed by the sealant layer to provide adequate mechanical properties and maintain the sealing during the tissue movement. Finally, the sealant is crosslinked by photopolymerization using visible blue light. It was shown that the engineered sealant had elastic modulus of 28 kPa, which was close to human lung tissue (29.4 kPa) and extensibility up to 700% [14] . The results of clinical studies demonstrated that FocalSeal functions as an adjunct to the traditional closure techniques to seal intra-operative pulmonary leaks [17] . In addition, the use of this sealant significantly reduced post-operative air leaks leading to the shorter hospitalization [17] . The production of FocalSeal was discontinued due to its poor adaption by surgeons. Coseal is also a commercially available PEG-based sealant, which is made of two 4-arm PEG with glutaryl-succinimidyl ester and thiol terminal groups [18] . The reaction between thiol groups and the carbonyl groups of the succinimidylester can form covalent bonds between PEG molecules after mixing [18] . Coseal has been employed in vascular surgeries to seal suture lines and stop bleeding [19] . PEG-based sealants have several advantages including biocompatibility, controlled degradability, flexibility, and relatively high adhesion strength. However, high swelling ratio of PEG-based sealants may cause pressure build up on the surrounding tissues when applied in closed cavities [20] .
Other synthetic polymer-based sealant
Different types of polyester-based sealants with elastic properties have been developed for surgical applications to reduce the incidence of fluidic or air leaks. For example, Chen et al. developed a surgical sealant based on poly(glycerol sebacate) (PGS) and lactic acid (LA) [3] . The use of LA improved the cytocompatibility of the engineered sealant compared to PGS alone. The sealant could be applied at 45°C and solidified at 37°C to form an elastic gel by exposing to a cold gas. It was shown that the fabricated sealant had higher adhesion strength to the tissues compared to both fibrin glues and synthetic sealants such as Pleuraseal [3] . Photocurable elastomers based on PGS with ultimate strain between 42% and 189% and Young Modulus of 0.05-1.38 MPa were also developed through acrylation of PGS [21] . The engineered synthetic elastomer had been recently used for cardiovascular surgeries to close defects in heart and arteries and stop bleeding [22] .
Sealants based on other synthetic polymers have been also developed to close wounds in different surgical procedures. For example, in a recent study, a polyvinyl alcohol (PVA)-based tissue adhesive for wound closure was prepared via sequential enzymatic reactions that were activated by glucose in the wound exudate [23] . The hydrogel was formed in situ after applying a mixed solution of a PVA derivative functionalized with phenolic hydroxyl moieties (PVA-Ph), together with two enzymes, i.e., glucose oxidase (GOx) and horseradish peroxidase (HRP) on the wound (Fig. 1 ). The results of mechanical testing demonstrated that the engineered PVA-based adhesives had high durability toward both stretching and compression. In addition, the hydrogel was effective in closing full-thickness wounds in rats as compared to commercially available hydrogel-based wound dressing [23] .
Synthetic sealants can be easily modified and generally have higher mechanical strength and tissue-bonding properties compared to naturally derived sealants. However, potential cytotoxicity, chronic inflammation, low adherence to the wet tissues and, in some cases, long curing time are some of the limitations associated with synthetic-based sealants [6] .
Sealants based on natural polymers
Sealants derived from natural polymers possess many advantages over synthetic materials including superior biocompatibility, reduced immune response, and in vivo degradability. Natural biopolymers can be classified into polysaccharides and polypeptides (including proteins), which are built up by sugar or amino acid units, respectively. Degradation of biopolymers results in small molecular byproducts that can be easily absorbed by the body. Therefore, developing sealants derived from natural polymers has been an active research area during the past two decades and some of the developed sealant systems have been approved by Food and Drug Administrative (FDA) for certain surgical applications. In the following section, we will describe a brief summary of the reported sealants containing at least one kind of biopolymers as the essential functioning components.
Polypeptide/protein-based sealants

Fibrin-based sealants
Fibrin-based sealants are one of the earliest surgical glues used for medical applications [24] . The working mechanisms of fibrin-based sealants are similar to the series of bioreactions in the final stages of blood clotting [25, 26] . Typically, fibrin sealants are composed of two major components obtained from pooled human plasma, fibrinogen and thrombin. Fibrinogen is a large soluble glycoprotein existing in plasma and plays a key role in the formation of blood clots. Thrombin activates fibrinogen and converts it to fibrin monomers, which are further crosslinked by Factor XIII to form insoluble clots (hemostasis). Since these biological processes are promoted by the calcium ions, many fibrin sealants also contain a small amount of calcium ions to accelerate the reactions [27] .
Fibrin sealants can take effect in relatively short times, form covalent connections with surrounding tissues via the amidation reactions, and also function as hemostats. Therefore, fibrin sealants have been tested for a variety of different applications in surgeries as both tissue sealants and hemostats. To date, fibrin sealants are commercially available under different brand names, such as Tisseel (Baxter Inc., Denmark), Evicel (Ethicon Inc., Bridgewater, NJ), Crosseal (OMRIX Biopharmaceuticals Ltd. Israel), and Hemaseel (Heamacure Corp., Canada), among many others [28] . Although fibrin-based sealants are popular for different surgical applications, they have some disadvantages that limit their applications and even raise safety concerns. First, they are manufactured from human plasma from blood donors and therefore, are more expensive and less available than synthetic materials. Possible disease transmission associated with blood products is another major concern limiting their widespread applications. Most importantly, fibrin sealants have only poor to moderate adhesion properties, especially in wet environments or wounds with abundant amounts of body fluids [29] . Their mechanical properties are not strong enough for many elastic tissues. As a result, in many cases fibrin sealants are only used in combination with traditional techniques such as sutures or staples [29] .
Recently, fibrin sealants based on new photochemical crosslinking reactions have been reported, providing insight to develop new fibrin sealants with enhanced physical properties. Covalent crosslinking of fibrin (and many other proteins or polypeptides) can be achieved via the formation of dityrosine linkers between two tyrosine residues catalyzed by a ruthenium compound and persulfate salt [30] . Photo-irradiation was required to activate the metal catalyst, resulting in high crosslinking efficiency and very fast curing ( Fig. 2a ). Elvin et al. applied this chemistry in preparing highly elastic, crosslinked protein/polypeptide biomaterials including recombinant pro-resilin [31] , fibrinogen [32, 33] , and gelatin [34, 35] . In particular, the crosslinked native fibrinogen showed a five-fold increase in adhesion strength compared with commercial fibrin sealant Tisseel [32] . Photocrosslinked fibrinogen-based hydrogels showed enhanced tensile strength compared to normal fibrin-based sealants with an ultimate tensile strength of 45 kPa and extensibility of over 60%. Moreover, the maximum strength was reached after 20 s light illumination, and the resulting glues showed low cytotoxicity as confirmed by in vitro experiments. Later, Elvin et al. studied the adhesion properties and assessed the efficacy and safety of this photocrosslinkable fibrinogen sealant in animal models [33] . Upon photocrosslinking with the catalyst system, fibrinogen sealant readily formed efficient bonding to the surrounding tissues via dityrosine bond formation with many other proteins existed in the extracellular matrix (ECM). Subcutaneous implantation studies in rat models indicated a degradation time of about 8 weeks with moderate inflammatory response. Wound incision experiments also showed that the tensile strength of the healed skin was comparable to unwounded skin after 7 weeks, which was comparable to Tisseel [33] . These studies provided insights into design of novel rapidly polymerizable fibrin-based sealants with improved adhesion strengths and high elasticity for surgical applications.
Collagen-and gelatin-based sealants
Collagen is one the most abundant structural proteins in connective tissues in animals. Collagen is also a major component of ECM that supports the resident cells. Thus, collagen-based biomaterials have been widely studied in many biological applications [36] . Collagen molecules can be obtained from various sources of mammalian animals, and possess much lower disease transmission risks compared to fibrinogen [37] . Fibrous or porous collagen scaffolds absorb blood and other molecules that promote blood coagulation, and also induce factors in the blood clot process [38] . Sealants that combine both bovine collagen and bovine thrombin have been approved by FDA [28] . These surgical sealants are quite similar to the fibrinogen-based sealants and work as an adhesive matrix to provide additional clotting factors and stop bleeding. These products could offer a less expensive alternative compared to fibrin-based hemostats.
Gelatin is a mixture of polypeptides derived from the irreversible hydrolysis of collagen. Depending on the conditions of hydrolysis and animal source, composition and molecular weight of gelatin could vary to a certain extent. The hydrolysis treatment partially breaks down the ordered strands structures of collagen, making gelatin easier toward further physical processing and chemical modifications. The basic compositions and biochemical properties of gelatin, however, are still quite similar to collagens in many aspects. The earliest trials to develop gelatin-based sealants utilized the reactions between primary amino groups on the lysine residues in gelatin with formaldehyde to form a covalent bond. Resorcinol was also added to increase the adhesion strength, resulting in the so-called gelatin-resorcinol-formaldehyde (GRF) recipe [39] . Due to the well-know toxicity of formaldehyde, glutaraldehyde was later added to the gelatin sealant as the crosslinker, known as the gelatin-resorcinol-formaldehyde-glutaralde hyde (GRFG) glue [39] [40] [41] . Mechanisms for the covalent bonds formation in these gelatin-based sealants are quite complicated. Three major reactions occurring in the process are shown in Fig. 2b including conjugation between formaldehyde and gelatin ( Fig. 2b, i) , crosslinking reaction between glutaraldehyde and gelatin via the Schiff base formation (Fig. 2b, ii) , and formation of a network structure by resorcinol and formaldehyde ( Fig. 2b, iii) . Although high adhesion strength could be achieved, the major concern about GRF and GRFG sealants is the toxicity of both formaldehyde and glutaraldehyde.
To overcome this limitation, Ikada et al. reported the in situ formation of a tissue adhesive from a mixture of gelatin and N-hydroxysuccinimide (NHS)-ester functionalized poly(L-glutamic acid) ( Fig. 2c ) [42] . Adhesion properties of this semi-synthetic sealant were found to be higher than a fibrin-based sealant that was used as control. Later, Matsuda et al. applied this chemistry to crosslink gelatin with a small molecular crosslinker, disuccinimidyl tartrate [43, 44] . In this study, gelatin was modified by a series of different aliphatic acids to increase hydrophobicity and thus tissue-penetrating capability [43, 44] .
A photochemical crosslinkable gelatin adhesive was also synthesized by Matsuda et al., which was applied in combination with a hydrophilic diacrylated polyethylene glycol (PEGDA) polymer [45] . Modification of gelatin with photo-reactive groups such as UV light-responsive benzophenone moieties or visible light-responsive xanthene dyes was achieved via the water-soluble carbodiimide chemistry. Light illumination upon the mixture of the modified gelatin and PEGDA quickly resulted in crosslinked hydrogels that showed strong adhesive properties and the ability to stop bleeding in a rat liver model [45] . In vivo biocompatibility and degradation studies were also performed to demonstrate the potential applications of the photo-curable gelatin sealants [45] . Another photocrosslinkable gelatin sealant was synthesized by Elvin et al. where they applied the Ru-catalyzed, photo-oxidation reaction of tyrosine residues as described above ( Fig. 2a ) in gelatin and observed the formation of a highly elastic, nontoxic gelatin hydrogel in a short time [34] . High elasticity of the gelatin-based sealants was demonstrated with an ultimate strain larger than 650% and adhesive stress higher than 100 kPa. Physical properties of the resulting gelatin-based sealants could be tailored by changing tyrosine content of gelatin, concentration, and light exposure time. In vivo studies in a sheep model confirmed that this gelatin-based sealant could stop blood and air leakages in lung tissue with minimal inflammatory responses [34] . This sealant was also tested to seal surgical incisions in gastrointestinal (GI) tract surgeries in rabbits, demonstrating high adhesive strength (over 100 kPa) and no inflammation for up to 28 days after application [35] .
Inspired by the fibrin sealants that mimicked the biochemical reactions in blood coagulation cascade, enzyme-catalyzed crosslinking reactions were also investigated to develop gelatin-based sealants [46] [47] [48] . A calcium independent microbial transglutaminase (mTG) was tested in crosslinking gelatin solution via the reaction between the glutamine and lysine residues (Fig. 2d ). The gelation time could be controlled within several min to produce hydrogels with Young's Modulus comparable to fibrin sealants. Lap-shear adhesion strength, however, was determined to be significantly higher than the fibrin-based sealants [47] . mTG-catalyzed gelatin sealants were subsequently studied in vivo in rat models for ophthalmic applications, demonstrating [30] . (b) Crosslinking mechanism of GRF or GRFG sealants, including (i) the reaction between lysine residues and formaldehyde, (ii) Schiff base formation between lysine residues and glutaraldehyde, and (iii) formation of the network structure from formaldehyde and resorcinol [39] [40] [41] . (c) Reaction between NHS-activated poly(L-glutamic acid) and gelatin [42] . (d) Reaction between the glutamine residue and lysine residue catalyzed by mTG [46] . no cellular damage to rat retinal tissue and strong adhesion to wet retinal tissue [48] .
Albumin-based sealants
Albumin refers to a family of globular proteins found in blood plasma, and can be obtained from different animal sources. Several types of albumin-based sealants have been developed based on similar reactions as discussed above. For example, BioGlue (CryoLife Inc., Kennesaw, GA) is a commercial sealant with FDA approval as hemostats in vascular and cardiac surgeries. It is made of bovine albumin and glutaraldehyde using a similar reaction as shown in Fig. 2b , ii. The adhesion strength of the glue could be optimized by varying the ratio and concentrations of the two components [49] . Concerns about the biosafety of glutaraldehyde could arise for Bioglue for internal use.
Another commercialized albumin-based sealant is Progel (Davol Inc., Woburn, MA) developed to prevent air leakage in lung surgeries. Progel is a composite sealant containing human albumin and a PEG crosslinker with two NHS activated ester groups [4, 50] . Upon mixing, the primary amine groups on lysine residues in albumin quickly react with the succinimidyl succinate groups and form a crosslinked structure within one min, which is similar to the reaction shown in Fig. 2c . It was shown that Progel could effectively stop pleural air leakage and degrade relatively fast in vivo without severe immune responses [4, 50] . Its applications in lung surgeries will be discussed in details in the following sections.
Polysaccharide-based sealants
Polysaccharides are a large family of biopolymers composed of different combinations of monosaccharide (sugar) building blocks. They vary in the structure, chemical linkage, molecular weight, and functional groups of the monosaccharide monomers. As a natural polymer, polysaccharides have been widely used in numerous medical, pharmaceutical and food products.
Chitosan-based sealants
Chitosan is a polysaccharide derived from chitin, which is composed of N-acetylglucosamine building blocks via beta-1, 4-glycosidic linkages and is typically obtained from the exoskeleton of arthropods, such as crabs, lobsters and shrimps, as well as the cell walls of fungi. Partial hydrolysis (deacetylation) of the acetyl amide groups releases some free amine groups and results in chitosan.
Due to the relatively poor solubility of chitosan, Ishihara et al. reported a chemically modified chitosan derivative by reacting chitosan with lactobionic acid with the presence of a water soluble carbodiimide (Fig. 3a, i) [51, 52] . Azido groups were then introduced to the water-soluble chitosan by reacting with 4-azidobenzoic acid via the same chemistry (Fig. 3a, ii) . The resulting modified chitosan could be photocrosslinked by exposing to UV light to form chitosan-based sealants. Under UV irradiation, the azido groups would decompose to release N 2 and form highly reactive nitrene groups, which will simultaneously dimerize to generate azo-linkages. In vitro cell culture studies confirmed nontoxicity of the engineered chitosan sealants. In a following study from the same group, this chitosan sealant was further tested in a mouse model for wound closure [53] . Significantly accelerated wound closure and advanced granulation tissue formation were observed, suggesting promising application of the engineered chitosan-based sealant for clinical applications.
Later, Moratti et al. reported the synthesis of succinylated chitosan by reacting chitosan with succinic anhydride (Fig. 3a, iii) . This modified chitosan showed enhanced water solubility. When mixing with dextran aldehyde obtained from oxidation of dextran (see below for details), a gel was formed via the imine bond formation between the amino groups and aldehyde groups, which showed excellent hemostatic and adhesive properties in animal models [54] . Park et al. developed a synthetic procedure to graft tyrosine modified PEG chains through the amino groups on chitosan ( Fig. 3a, iv) [55] . Grafted PEG chains largely increased the solubility of chitosan and provided reactive tyrosine groups to form crosslinked network structure. With the presence of a HPR and hydrogen peroxide, the chitosan solution quickly formed a gel via the dityrosine bond formation. Adhesion strength of the engineered chitosan-PEG composite sealant was several times higher than fibrin sealants. Moreover, in vivo studies in a rat model demonstrated that the fabricated chitosan-based sealant showed superior healing ability in skin incision comparing to suture, fibrin glue and cyanoacrylate [55] .
Recently, Zhao et al. reported the formation of a composite hydrogel based on thiol containing chitosan (Fig. 3a, v) and maleimide containing e-polylysine [56] . The Michael addition reaction between thiol and maleimide groups led to the in situ formation of a crosslinked hydrogel upon simply mixing of the two components. This chitosan-based composite sealant showed four times higher adhesion strength compared with fibrin glue. Synthesis of thiol containing chitosan (Fig. 3a, vi) was also reported by Lee et al. to chemically graft hematin, which was an Fe (III) containing porphyrin, with chitosan. The resulting chitosan was used as an enzyme-mimetic biocatalyst to accelerate the crosslinking of catechol-modified polymers [57] .
Dextran-based sealants
Dextran refers to a relatively complex polysaccharide with some branched structures. Its linear part is composed of glucose building blocks via the alpha-1,6-linkages. Different from chitosan, which is a polyglucosamine, there are no reactive amino groups in dextran. One modification strategy reported for dextran-based sealants relies on the selective partial oxidation of dextran to introduce aldehyde groups (Fig. 3b) , which can react with amino group to form imine linkages (similar to the reaction shown in Fig. 2b , ii) and result in the formation of hydrogels. Other modification methods include introducing methacrylate functional groups to crosslink with thiol crosslinkers [58] , or preparing enzyme-crosslinkable dextran-tyramine conjugates [59] . Araki et al. studied the aldehyde functionalized dextran-based sealant by mixing it with e-polylysine [60, 61] . Gelation was achieved via the Schiff base bond formation. Adhesion properties of this dextran-based lung sealant were evaluated in vivo and it was found that it had better adhesion than the fibrin glue control.
Biodegradability and histotoxicity were also tested in a dog model. Inflammatory reactions were largely reduced 4 weeks after application, and the sealant could be degraded on the lung tissue within 3 months [60, 61] . Bhatia et al. reported another tissue sealant by combining the aldehyde-containing dextran with an 8-arm amine-endcapped PEG crosslinker [62] . Cytotoxicity and inflammatory properties were tested in vitro using 3T3 fibroblast cells and J774 macrophage cells. The experimental results suggested that this dextran-PEG tissue adhesive was non-cytotoxic and did not induce inflammatory response [62] .
Chondroitin sulfate-based sealants
Chondroitin sulfate is a sulfated polyglucosamine typically found as the structural component in cartilage ECM and many other tissues in the body. Due to its key biological roles in the formation and function of cartilage tissues, sealants based on chondroitin sulfate have been developed and tested to regenerate the connections between cartilage tissue and biomaterials, as well as in corneal wound healing. Since there are multiple reactive sites in chondroitin sulfate, different modification strategies have been developed to introduce various functional groups, including [60, 61] . (c) Chemical modification of chondroitin sulfate to introduce (i) methacrylate groups via reacting with glycidyl methacrylate [63] , (ii) aldehyde groups via the oxidation reaction by periodide [64] , and (iii) NHS-activated ester groups [66] . methacrylate groups, aldehyde groups, and NHS-activated ester groups (Fig. 3c) . Elisseeff et al. reported the synthesis of a photocrosslinkable chondroitin sulfate derivative by reacting with glycidyl methacrylate at room temperature (Fig. 3c, i) [63] . Hydrogels were feasibly obtained by UV crosslinking with a photoinitiator. Morphological and mechanical, and biological properties of the chondroitin sulfate-based hydrogels were studied. Later, they developed a different chemical modification method of chondroitin sulfate by partially oxidizing the polysaccharide with periodide to introduce aldehyde groups, similar to the reaction used for dextran sealants [64] . A synthetic polymer, poly(vinyl alcohol-co-vinyl amine), was used in combination with the aldehyde-bearing chondroitin sulfate to form a hydrogel-based sealant. They used the engineered chondroitin sulfate-polymer sealant in a rabbit model to seal corneal incisions. The fabricated sealant showed superior performances compared with the traditional suture techniques in ex vivo studies [64] .
In another study, chondroitin sulfate was modified with both methacrylate and aldehyde groups on the backbone to form a chondroitin sulfate-based tissue sealant that chemically bridged tissue proteins and the implanted biomaterials via a two-fold covalent linkages [65] . The adhesive solution was applied to the surface of the cartilage tissue, followed by a second layer of pre-polymer solution with a photoinitiator (Fig. 4a ). Upon photocrosslinking, the chondroitin sulfate acted to integrate the cartilage tissue and the implanted hydrogels together, which could remain in vitro for several weeks. Enhanced adhesion of the applied biomaterials to the cartilage tissue was further confirmed by in vivo subcutaneous implantation in a rat model (Fig. 4b and c) . A strong adhesion between the implanted hydrogel and the native cartilage tissue was observed even after 5 weeks of implantation. Moreover, proteoglycan production was observed both in the implanted hydrogel and at the interface (Fig. 4d ), which suggested a useful method to enhance the preformation of implanted materials for efficient tissue repair [65] .
Recently, Strehin et al. reported the preparation of NHS-activated chondroitin sulfate derivative by modifying the carboxylic acid groups to introduce the activated ester groups [66, 67] . This modified chondroitin sulfate could react with a 6-arm amine-containing PEG crosslinkers to form a hydrogel-based sealant via the amide bonds. It was also suggested that when applied to wounded tissues, the NHS-activated chondroitin sulfate would also react with the amino groups on the local tissue surfaces. Physical properties of the chondroitin sulfate-PEG hydrogel were influenced by the concentration, degree of NHS functionalization, as well as the pH value of the precursor solutions. Minimal inflammatory response was observed after subcutaneously implantation in a rat, indicating the suitability of the engineered composite hydrogels for wound healing and regenerative medicine [67] .
Mussel inspired elastic sealants
During the past two decades, a new family of adhesives has been developed inspired by the observation of strong adhesion of some marine creatures, such as mussels to solid surfaces. Mussels can secrete a protein adhesive that works under typical marine environments and does not lose the adhesion properties even in saline [68] . Thus, such adhesives can address the key challenges for the development of water-resisted tissue sealants [69, 70] . It is known that the main component of this bio-adhesive is a complex mixture of proteins featured by an extremely high content of a particular amino acid, L-b-3,4-dihydroxyp henyl-a-alanine, or DOPA [71] . This DOPA residue is considered as the product from oxidation of the tyrosine residues. The working mechanisms of this bio-adhesive are complicated, which involve a series of reactions between different functional groups [72] . It is known that diquinone intermediates are formed by oxidation of the DOPA residues, which could react with, for example, amino and thiol groups via Michael addition, or certain metal ions via coordination [73] .
The unique bio-adhesive properties of mussels have attracted much attention to develop novel sealants for adhesion to wet surfaces. Early trials include extracting the secreted proteins from mussels [74] . While this approach helped with understanding the mechanism of the formation of this material, extraction could only provide limited amount of it that was not cost-efficient. Synthetic polypeptides with designed sequences have also been studied to investigate the structure-property relationships in this class of sealants [70, 75] . In addition, recombinant DNA technology has been used to prepare mussel inspired protein sealants [76, 77] . However, the expression of the key adhesive proteins typically resulted in low yield and purity, which limited the practical applications of the recombinant DNA strategy.
As a result of the difficulties in directly preparing DOPA-containing proteins, biocompatible synthetic/natural polymers modified with DOPA motifs are promising targets for developing DOPA-based sealants. To date, the DOPA moieties have been successfully incorporated within a variety of polymers, including both synthetic polymers or modified natural polymers. The chemical approaches toward developing DOPA-containing polymers differ significantly in different systems. In this section, we will briefly summarize progresses in DOPA-containing polymers as tissue sealant materials.
In one study, Deming et al. reported the synthesis of polypeptides with tunable DOPA contents via ring-opening polymerization of N-carboxyanhydride (NCA) monomers prepared from DOPA and lysine by phosgenation [75] . Protected NCA monomers were copolymerized to form high molecular weight polymers with excellent conversions. Feasible control over DOPA content could be achieved by changing the feed ratio of the two monomers. Systematic studies on several factors that might influence the adhesion properties were performed, including copolymer composition, concentration, selection of oxidation reagents, and curing temperature [75] . Results showed that the synthetic polypeptides possessed comparable adhesion properties with mussel adhesives to several substrates under optimized crosslinking conditions [72, 75, 78] .
Wilker et al. later reported a simplified system as mussel-mimicking adhesives by using a 3,4-dihydroxstyrene monomer to mimic the DOPA side groups [79] . First protected by methyl groups, anionic polymerization initiated by n-butyl lithium successfully copolymerized styrene with this monomer to form a series of copolymers with different monomer feed ratios. Deprotection by boron tribromide released the hydroxyl groups, which were subjected to oxidation crosslinking. The authors tested and compared several different inorganic oxidative reagents, which might have limited medical applications due to toxicity. Recently, they also presented a systematic structure-property relationship of the polystyrene-based sealant material [73] .
In another study, Lee and Messersmith et al. synthesized a methacrylated dopamine monomer and applied free radical polymerization to generate DOPA-containing copolymers [80] . Inspired by the adhesion phenomena of both mussels and geckos, they designed a reversible wet/dry adhesive that allowed multiple reversible adhesion/detaching processes. A patterned polydimethylsiloxane (PDMS) substrate was created via electron beam lithography to mimic the structure of geckos, and the DOPA-containing copolymer was spin-coated onto the substrate to incorporate the water-resistant adhesion properties [80] .
Messersmith et al. also prepared DOPA-functionalized linear or multiple armed PEG to mimic mussel adhesive proteins [81] [82] [83] [84] [85] .
When 4 armed DOPA-containing PEG was treated with different oxidative reagents, such as periodide, HRP, or mushroom tyrosinase, fast gelation was observed due to the crosslinking between the DOPA moieties or the coupling between oxidized DOPA and free amino groups [81] . In vivo effectiveness of this DOPA-PEG sealant in extrahepatic islet transplantation were reported in a murine model [82] . Brubaker et al. later introduced an enzyme-degradable oligopeptide linkers between the PEG chains and the DOPA moieties, aiming to achieve regulated degradation of the hydrogels by enzyme. However, only relatively slow enzyme-catalyzed degradation behaviors were observed both in vitro and in vivo [83] . Recently, Barrett et al. further investigated how the crosslinking of DOPA-containing multiple armed PEG sealant could be influenced by the addition of Fe (III) ions and pH values of the solution, revealing significant pH-regulated physical properties of the DOPA-PEG hydrogel system.
Similarly, the DOPA motif has also been introduced to other polymer systems, such as polyesters [86] , polyallylamine [87] , poly(ester amide)s [88, 89] , poly(propylene oxide)-poly(ethylene oxide) block copolymers [85] , and chitosan [57, 90] . DOPA-containing sealants provide a promising candidate for various medical applications.
Applications of elastic surgical sealants
According to the report from MedMarket Diligence, LLC, there are about 114 million procedure-based wounds to occur annually worldwide, among which 36 million cases are from surgeries in the US [91] . The market value for the surgical materials is expected to grow to $4B in 2015 worldwide and may exceed $7B in 2017 [92] . Although currently over two-thirds of the surgical product market is for hemostats, a greater sealant rate is expected due to the lack of suitable products. Surgical sealants are required to have high adhesion strength and proper function in wet environments. In addition, they must be flexible to move with the tissues. A high level of elasticity is particularly important for surgical procedures involving tissues that undergo continual expansion or contraction such as the heart, skin, blood vessels, and lungs. For example, in lung surgery the sealant might be applied when the lungs are deflated, therefore, the sealant is required to have elasticity similar to the lungs to support expansion and contraction of the tissue. In cardiovascular applications, the elasticity of the sealant plays a significant role in supporting proper expansion and contraction of the tissues during blood pumping.
In lung surgery, lung tissues are sealed surgically via sutures, staples, or surgical meshes. Despite their common use in the clinic, these mechanical methods are inevitably associated with lung tissue damage caused by deep piercing, ischemia, and prolonged air leaks, which represent the most common complications after lung surgeries [93] . Particularly, prolonged air leak could lead to extended chest tube drainage time that would increase the risk of developing infections and bronco-pleural fistulae in the patients, and consequently, a longer hospital stay [94, 95] .
A variety of complementary natural and synthetic materials have been applied to overcome such complications including fibrin sealants, collagen-based sealants, and synthetic glues [40, [96] [97] [98] [99] [100] [101] . However, some of these surgical sealants lack appropriate elasticity, adhesion strength, and burst pressure required for sealing the lung tissues. In one study, a synthetic-based absorbable biomaterial called FocalSeal consisting of a primer and a sealant solution was developed as a lung sealant [14, 15] . The primer was first applied to the target tissue to wet the tissue for increasing adhesion. The PEG-based sealant solution was then injected and subsequently photopolymerized to seal the lung tissues. The results of in vivo test using a pig model showed no post-operation air leaks with intact bronchial closures. In their clinical study, it was found that 77% of treated patients with FocalSeal remained leak free with no undesirable side effects [14] . However, its multiple step application process due to the use of primer and light source for crosslinking makes its clinical applications challenging. In addition, it has been reported that FocalSeal may potentially enhance the rate of post-operative empyema [16, 102] . In another study, Kobayashi et al. developed an albumin-based hydrogel sealant, Progel, composed of two components including PEG disuccinimidyl succinate and human albumin, to stop air leaks in a rat lung model [50] . The sealing properties of the engineered lung sealant were compared to fibrin glue. The average burst pressure on day 3 of surgery was about 71 mmHg for Progel, which was significantly higher than fibrin glue (60 mmHg). In addition, no adverse tissue reaction was observed up to day 14 of operation [50] . The safety and effectiveness of Progel to stop air leaks after pulmonary surgery were also evaluated by testing the sealant on 161 patients [17] . Patients treated by Progel had less intra-operative and post-operative leakages and shorter hospitalization compared to the control group (65% vs 86% and 6 vs 7 days) [17] . This demonstrates the suitability of Progel in lung resection surgery for closing air leaks [4] . In another study, the burst pressure values for different lung sealants were compared in an ex vivo study using a porcine model [103] . Bioglue (V-Tech, Roskilde, Denmark) attained the highest burst pressures compared to other tested sealants including Evicel (OMRIX biopharmaceuticals S.A, Belgium), Tisseel (Baxter, Denmark), TachoSil (Nycomed, Roskilde, Denmark), TissuePatchDural (Vingmed, Denmark), and Pleuraseal (Covidien, Denmark). However, it was shown that the rigidity of the Bioglue caused lung tissue tearing and deformation [103] . Therefore, in addition to high burst pressure and adhesion strength, the flexibility of the lung sealants is an important parameter for their clinical applications.
In cardiovascular surgery, one of the main challenges is the inability to reconnect tissue or attach prosthetic materials in a wet and dynamic environment, such as continuous tissue contractions and blood flow. Most of the currently available sealants have low adhesion strength and mechanical properties in wet conditions. To address this limitation, recently, an elastic blood-resistant light-activated tissue adhesive based on PGS has been developed for cardiovascular surgeries [5] . No inflammatory reaction was observed after applying the engineered glue on the rat heart, demonstrating its biocompatibility (Fig. 5a ). Successful closure of a transmural left ventricular wall defect in a rat model was also achieved (Fig. 5b ). In addition, the glue could effectively close defects in a pig carotid artery with no bleeding after 24 h of implantation (Fig. 5c ). An intact endothelium with no thrombus formation was observed by H&E staining of the carotid arteries (Fig. 5d) [5] .
In another study, a photochemical tissue bonding technique (PTB) containing a photoactive dye with visible light was used for microvascular anastomosis [104] . The results of ex vivo test using porcine brachial arteries showed higher leak point pressure for PTB compared to suture (1100 mmHg vs 350 mmHg). In addition, no evidence of aneurysm formation was observed in PTB treated vessels without any bleeding, confirming the suitability of this technique for anastomosis as a sutureless alternative [104] . Similarly, Chang et al. developed and used a thermoresponsive poloxamer gel based on nanoparticles polyethylene oxide (PEO) and polypropylene oxide (PPO) for sutureless vascular anastomosis [105] . It was shown that the use of poloxamer gel for anastomosis significantly reduced inflammation and fibrosis for up to 2 years compared to hand-sewn anastomoses. Other advantages of this technique over standard suture-based vascular anastomosis include rapid application and patency in small size vessels [105] . Vascular sealants have been also used in combination with sutures to control bleeding in vascular surgeries. For example, in one study, the hemostatic effectiveness of fibrin sealant in comparison with manual compression in a polytetrafluoroethylene (PTFE) arterial anastomosis was studied [106] . It was found that 85 percent of patients treated with fibrin sealant achieved hemostasis after 4 min as compared to 38% patients who were treated by manual compression [106] . In another study, the hemostatic properties of two vascular sealants including FloSeal (Fusion Medical Technology, Inc, CA) and Gelfoam-Thrombin (Gelfoam, Pharmacia and Upjohn, MI; Thrombin, Gentrac Inc, WI) were compared in a controlled clinical trial [107] . A total number of 93 patients were treated by FloSeal and Gelfoam-Thrombin after cardiac surgery. It was found that FloSeal matrix stopped bleeding in 94% of patients after 10 min as compared to 60% of patients treated by Gelfoam-Thrombin [107] . Similarly, Hewitt et al. investigated the use of Bioglue for thoracic aortic operation in a coagulopathic sheep model [108] . In their experiments, the sheep were first anticoagulated with heparin and then subjected to end-to-side anastomoses of a graft to a thoracic aorta. The anastomoses were then treated by Bioglue and Surgicel (as control) to control bleeding. It was found that Bioglue significantly reduced the volume and rate of post-operation bleeding compared to control. However, a minimal inflammatory response was observed in the animals treated by Bioglue [108] .
Polymer-based sealants have been also used to close skin wound defects. For example, in a recent study, a highly elastic and adhesive dendritic thioester hydrogel sealant was synthesized by forming of thioester linkages between the thiol residues of dendron and a PEG macromer [109] . The engineered sealant exhibited high mechanical properties and strong adhesion to the skin tissue even in the presence of torsion stress (Fig. 6a) . The sealant could also gradually dissolve after exposing to a thiolate solution due to a thiol-thioestyer exchange, allowing for controlled re-exposure of wound during surgical procedure. Similarly, Chen et al. fabricated a reinforced PEG/chitosan antibacterial hydrogel-based wound dressing to heal small and full-thickness defects in a mouse skin model [110] . An optimized ratio of PEG/chitosan could suppress inflammation, promote re-epithelialization and neo-vascularization, and prevent infection, demonstrating the suitability of the engineered hydrogel as a wound dressing adhesive [110] . In another study, an in situ curable PEG/chitosan-based tissue adhesive and hemostat were developed for wound closure [55] . The sealant was formed by grafting chitosan to PEG via enzymatic-mediated crosslinking using HRP and hydrogen peroxide. The resulting tissue adhesive had adhesion strength 20-fold higher than fibrin glue as well as hemostatic ability to stop bleeding in the wound site. In addition, this tissue adhesive had higher healing power compared to suture, fibrin glue and cyanoacrylate after applying on the skin incision of rats [55] . The use of surgical adhesives for controlling wound drainage and seroma formation has been also studied [111] . For example, Walgenbach et al. used a lysine-based urethane adhesive TissuGlue to control drain time and volume in patients underwent abdominoplasty. It was found that TissueGlue significantly decreased the wound drainage and time required for post-surgical drains following abdominoplasty [111] . In a recent study, injectable citrate-based mussel-inspired tissue adhesives (iCMBAs) with high adhesion strength to wet surfaces were developed as sutureless wound closure bioadhesives (Fig. 6b) [112] . The synthesized adhesive could close the wounds (2 cm long and 0.5 cm depth) created on the back of rats without the need for suturing, which was not possible by using standard fibrin glue adhesives (Fig. 6c ). It also facilitated wound healing process without causing inflammatory response (Fig. 6d) [112] .
Conclusion and future directions
The past several decades have witnessed the developments of tissue sealants based on synthetic and natural polymers. Characterizations on their physical and adhesive properties both in vitro and in vivo have demonstrated great potential to combine sealants with traditional tissue closure techniques in surgical operations. This is due to their advantages including easy application, strong adhesion and biodegradability. Many tissue sealants have received approval for clinical use and have been commercialized. Despite of the previous successful examples, there are still many challenges for their clinical applications. Due to differences between various tissues in human body, it is not practical to develop a universal tissue sealant that is suitable for all situations. Instead, properties of the tissue sealants should be carefully engineered and optimized by changing the chemical compositions, working reactions, and formulation of the adhesive materials for different applications. Highly elastic, biocompatible, and low cost sealants with superior mechanical and adhesive properties are still under development.
It is also important to better understand the interactions between the adhesive biomaterials and the living tissues and the biological consequences after application of the sealants. Enhanced interactions of the implanted sealants with tissue interfaces could result in improved long term in vivo performance. Developing novel sealants that not only can physically join tissues together but also actively promote tissue growth and repair. It is anticipated that close collaboration between bioengineers, material scientists, and surgeons is required to efficiently advance the research of tissue sealants in future studies.
